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DNA structuregenome inside a nucleus, a dedicated organelle shielded by a double lipid
membrane. Pores in these membranes allow the exchange of molecules between the nucleus and cytoplasm.
Inside the mammalian cell nucleus, roughly 2 m of DNA, divided over several tens of chromosomes is packed.
In addition, protein and RNA molecules functioning in DNA-metabolic processes such as transcription,
replication, repair and the processing of RNA ﬁll the nuclear space. While many of the nuclear proteins freely
diffuse and display a more or less homogeneous distribution across the nuclear interior, some appear to
preferentially cluster and form foci or bodies. A non-random structure is also observed for DNA: increasing
evidence shows that selected parts of the genome preferentially contact each other, sometimes even at
speciﬁc sites in the nucleus. Currently a lot of research is dedicated to understanding the functional
signiﬁcance of nuclear architecture, in particular with respect to the regulation of gene expression. Here we
will evaluate evidence implying that the folding of DNA is important for transcriptional control in mammals
and we will discuss novel high-throughput techniques expected to further boost our knowledge on nuclear
organisation.
© 2008 Elsevier B.V. All rights reserved.Expression of genes, in particular of tissue-speciﬁc genes, is often
controlled by regulatory DNA elements like enhancers and silencers
that are located away from the gene promoter. In mammals, these
DNA elements may be up to 1 megabase apart from the gene [1]. A
gene locus is deﬁned as the chromosomal region that carries the gene
and its regulatory DNA elements. When evaluating the functional
relevance of chromosome folding we consider it important to
distinguish between DNA contacts formed within and between gene
loci.
1. DNA interactions within gene loci
Within gene loci, it is clear that DNA loops are formed which are
functionally meaningful for transcription regulation (Fig. 1). Evidence
for the in vivo existence of such local chromatin loops was ﬁrst
obtained in the mouse β-globin locus. It relied on the development of
two novel techniques, RNA-TRAP and Chromosome Conformation
Capture (3C) technology (Fig. 2). Both techniques independently
showed that the β-globin locus control region (LCR), crucial for high
β-globin gene expression [2–4], contacts active β-globin genes by
looping out the intervening chromatin ﬁbre in vivo [5,6]. 3C
technology, in particular, has since become a widely used tool for
exploring the functional relevance of DNA interactions. 3C (chromo-
some conformation capture) is a biochemical method that involves1 10 4089468.
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l rights reserved.the capture of in vivo interacting DNA fragments via formaldehyde
crosslinking and ligation. Quantitative PCR across ligation junctions
with primers selected for speciﬁc DNA fragments subsequently gives a
measure for their steady-state interaction frequency in the cell
population [7].
Using 3C, it was demonstrated that LCR-gene loops are formed
speciﬁcally in erythroid cells that express the β-globin genes [6]. It was
found that during development, the LCR switches its contacts between
different β-globin genes in relation to their switch in expression.
Contacts are only established late during erythroid differentiation
when the β-globin genes are fully expressed [8] and rely on the
transcription factors EKLF and GATA-1, which both are required for
high levels of β-globin gene expression [9,10]. Collectively, the data
show that the LCR increases the transcription rate of theβ-globin genes
by physically contacting the genes. Similar contacts between enhan-
cer-like DNA elements and genes have since been demonstrated by 3C
technology in the T helper type 2 cytokine locus [11], theα-globin locus
[12,13], the Kit locus [14] and many other gene loci.
Local chromatin loops not only serve to promote transcription but
appear to also function in gene silencing. Silencing DNA elements
have been shown to form chromatin loops in an imprinted gene
cluster carrying the Dlx5 and Dlx6 genes [15] and to contact gene
promoters in the Kit locus [14]. CTCF, an insulator protein which can
block enhancer activity when bound in between an enhancer and
promoter, also forms chromatin loops in gene loci. At the imprinted
Igf2-H19 locus, CTCF-mediated loops formed on the maternal allele
shield the Igf2 gene, causing shared enhancers to exclusively act on
the maternal H19 gene [16,17]. In the β-globin locus, CTCF mediates
Fig. 1. Overview of mechanisms in which looping of DNA is involved. Looping of enhancers or silencers towards gene promoters can inﬂuence transcriptional activity [5,6]. Looped
structures can shield a gene from its enhancers, resulting in gene silencing [14,15]. Contacts between a gene's start and end have been reported and are proposed to facilitate recycling
of RNA PolII [17]. DNA sequences that are removed during recombination events in immune receptor loci are looped out, while the recombination sites come in close proximity [19,23].
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locus. These loops are formed only when the locus is active, but they
seem to not inﬂuence the expression of the β-globin genes [18]. In
yeast, loops have been demonstrated between the two ends of
actively transcribed genes and a similar observation was recently
made for the HIV-1 provirus integrated into human cells [19,20]. It
has been suggested that physical proximity between the end and the
start of a transcription unit facilitates the recycling of RNA
polymerase II (RNAP II), thus stimulating transcription re-initiation.
Interestingly, recent live cell imaging studies in ﬂies conﬁrm local
recycling of ﬂuorescently tagged RNAP II at highly transcribed heat-
shock loci, however apparently without these genes forming loop
structures [21]. Future research therefore should uncover whether
gene looping is a general phenomenon and how it inﬂuences the
transcription process.
Apart from transcription, chromatin loops have been implicated in
the rearrangement process that joins the various segments of immu-
noglobulin loci and Tcell receptor loci to assemble a functional antigen
receptor gene [22–24]. These loci are very large, spanning hundreds of
kilobases or even a few megabases of DNA, and ﬂuorescence in situ
hybridisation (FISH) could therefore be applied to independently
conﬁrm thepresence of these chromatin loops in individual cells underthe confocal microscope [23,24]. Ideally, loops detected by 3C in much
smaller loci should also be validated by FISH, but this is currently
impeded by the limited resolution of microscopes. Novel microscopy
techniques such as 4pi [25] may enable the visualisation of these
smaller chromatin loops in the near future.
2. The signiﬁcance of local chromatin loops
How would chromatin loops inﬂuence processes like transcription
and recombination? In the case of recombination it seems clear: to join
two DNA segments they need to physically meet. An unanswered
question still is how two sites separated on the chromosomephysically
come together. It may involve a deterministic search process, but we
would predict contacts are the consequence of the random collisions
between DNA sites that occur as consequence of the ﬂexibility of the
chromatin ﬁbre. A productive recombination event then takes place as
soon as the appropriate sites juxtapose.
The relevance of chromatin loops for transcription regulation
seems more difﬁcult to envisage in molecular terms. Looping brings
DNA-binding sites for transcription factors in close proximity to the
promoter. It has been proposed that this causes a local accumulation of
transcription factors, which will reinforce the expression status of the
Fig. 2. Schematic overview of 3C and 4C technology. Nuclei are ﬁxed with formaldehyde to cross-link co-localizing chromatin. DNA is digested with a restriction enzyme, for example
HindIII. After dilution of the sample, crosslinked fragments are ligated, and subsequently crosslinks are reversed. This way, the HindIII fragment of interest (in red) is ligated to
fragments it co-localized with in the studied cell-population. In 3C, a quantitative PCR is performed with one primer on the red fragment and one on a ligation partner. The amount of
ligations gives a measure for the frequency of interaction. In 4C, ligation products are trimmed by digestionwith a frequent cutting enzyme, because HindIII fragments are too big to
be ampliﬁed by PCR. The trimmed products are circularized, such that an inverse PCR on the red fragment will amplify all its interacting partners. These sequences can be analyzed by
microarray analysis or sequencing.
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pressor proteinsmay lock the silenced state of the gene, for example by
the deposition of heterochromatin marks onto histones at the
promoter. When enhancers loop towards the gene, bound transcrip-
tion factors may increase transcription rates by modifying the
transcription machinery and/or the chromatin, thereby facilitating
transcriptional re-initiation or elongation.
Chromatin looping also provides a conceptual framework to
understand how genes in the mammalian genome maintain expres-
sion proﬁles that are independent of those of neighbouring genes.
Mammalian gene loci often do not occupy physically separate
domains on the chromosome, but frequently overlap, with unrelated
genes showing independent expression patterns located in between
regulatory DNA elements and their target genes. In such instances,
boundaries or insulators cannot explain how neighbouring genes
maintain distinct expression proﬁles. Here, chromatin folding may
explain how enhancers speciﬁcally act on distant target genes while
ignoring more proximal genes. We expect that separated genomic
sitesmeet through random collisions but only form a stable chromatin
loop when proteins bound to these sites show afﬁnity. Thus, a
promoter needs to be compatible with an enhancer to beneﬁt from its
physical proximity [26]. This model explains for example why
olfactory receptor genes are not activated by the directly neighbouring
β-globin LCR in erythroid cells, even not when the insulator protein
CTCF no longer binds to the intervening sequence [18].
3. Chromosome folding and gene positioning
Microscopy studies, in particular FISH-based studies, have shown
that DNA inside the cell nucleus is structured also beyond the level of
single gene loci. The physically separate parts of the genome, the
chromosomes, are organised in territories. When chromosomes are
individually stained they appear as distinct areas, rather than being
dispersed throughout the nucleus. Chromosomes show a probabilistic
three-dimensional distribution, with small chromosomes preferen-
tially occupyingmore internal positions and large chromosomes being
more peripheral in the nucleus [28]. However, there is intermingling
between chromosome territories (CTs) and speciﬁc areas found on
different chromosomes can ﬁnd each other in the nuclear space
[29,30]. Well-described examples of this are the nucleoli and chromo-
centres. In the nucleoli, rDNA clusters present on different chromo-
somes come together to be transcribed [31]. Chromocentres are the
large heterochromatin structures containing pericentromeric regions
of different chromosomes [32]. Both nucleoli and chromocentres can
differ in size and number between different tissues [33].
Within CTs the chromatin is also organised. When gene density
proﬁles are plotted along the chromosomes, it becomes clear that
genes are not distributed randomly, but rather are organised in
clusters [34,35]. These gene-dense regions tend to be localized more
towards the nuclear interior than their gene-poor counterparts [36].
This is also truewhen such regions are physically linked, as was shown
by a detailed FISH study that analyzed the folding of a 4.3-Mb
chromosomal region containing four gene clusters and four gene-poor
regions. It was found that the region had a few favoured conforma-
tions. In most of the folded structures the gene rich regions were
partially or completely clustered in space. The gene poor regions were
found to cluster as well, but to a lesser extent. The investigated 4.3 Mb
region is often found in the outer shell of the nucleus and in 80% of
these peripheral situations, two or more gene poor regions show
overlap with Lamin staining, whereas only in 20% of the cases two or
more gene rich regions are found there. Lamins are core components
of the nuclear lamina, a proteineous mesh that coats the inside of the
nuclear membrane and connects it to chromatin. Together, the data
show that the folding of this 4.3 Mb region is not random and suggest
that the region may be “anchored” to the periphery by the gene poor
regions [37].Not only gene density but also transcriptional activity may be
linked to nuclear positioning. FISH studies have demonstrated that
genes can adopt different nuclear positions upon changes in their
expression status. A repositioning of developmentally activated genes
away from the nuclear periphery or from pericentromeric hetero-
chromatin has been documented for multiple loci, including immu-
noglobulin loci [38], CFTR [39], the β-globin genes [40] and Mash-1
[41]. Vice versa, genes have been described that move towards the
periphery or towards the chromocentres upon their developmental
silencing [42–45]. With respect to the position of a locus versus its
chromosome territory (CT), similar observations were made. The
MHCII cluster genes, epidermal differentiation complex (EDC) and Hox
genes are examples of loci that, upon activation, promote a large-scale
relocation of the subchromosomal regions that contain them away
from the respective CT [46–48].
FISH allows determiningwhether a locus adopts a different nuclear
position in two cell populations, but it does not provide information
about dynamics. Transgenic arrays of bacterial Lac or Tet operator
sequences that attract and accumulate the cognate DNA-binding
protein tagged with a ﬂuorescent protein enable the visualisation of
chromosomal integration sites in living cells over time [49]. Previously
it was reported that during most of the mammalian cell cycle the
positions of such tagged chromosomal subregions remain relatively
stable, with chromatin moving by constrained diffusion [50]. This
implies that in order for a locus to adopt an entirely new position in
the nucleus, passage through mitosis is required. Two recent live cell
studies that address the impact of the nuclear lamina on gene
expression (discussed below) support this idea [51,52]. They showed
that the targeting of nuclear lamina components to a transgenic locus
induced its repositioning to the nuclear periphery only after cell
division. However, another live cell study reported rapid and
directional movement of a locus away from the periphery of
interphase nuclei upon the targeting of a transcriptional activator
[53]. A similar directional movement in living cells was also observed
for a transgenic U2 snRNA array, which moved towards Cajal bodies
(CBs) upon transcriptional activation [54]. CBs are nuclear substruc-
tures involved in the biogenesis of certain small RNPs. In human cells,
they preferentially associate with certain gene loci, notably the
histone genes and small nuclear RNA genes. In this study, activation
of U2 gene expression induced a directional movement of the
transgenic cassette to CBs in roughly 20% of the cells, causing them
to stably associate after approximately 6 h [54]. Intriguingly, in both
studies directional movement was dependent on nuclear actin
[53,54]. However, classical actin ﬁlaments have not been found in
the nucleus [55] and the mechanism employed by nuclear actin is still
unclear [56]. It is currently unclear whether these observations are
peculiarities of large transgenic arrays that often contain thousands of
operator repeats, or may represent a more widespread phenomenon
shared also by endogenous loci. In this regard it would be very
informative to target operator sequence arrays near endogenous
genes and follow (and manipulate) their behaviour when the genes
undergo their normal developmental expression program.
4. Interactions between gene loci
The live cell imaging and FISH studies which document that genes
adopt a different position in the nucleus upon alterations in their
expression status provide support for models predicting the existence
of transcriptional competent zones in the nucleus. Further evidence
for non-random positioning of gene loci comes from recent FISH
studies which show that selected genes meet in the nucleus. This has
been observed for both active and silenced genes. In an RNA FISH
study, the positioning of the active β-globin gene was investigated
relative to other active genes located on the same chromosome. The
selected genes were shown to co-localize frequently when they are
active [57]. Two out of the four interacting genes described were
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functionally related genes preferentially contact each other in the
nuclear space. Myc and IgH, two frequent translocation partners in
lymphomas, are other examples of genes reported to frequently co-
localize when they are active [58]. The interactions are reported to
occur at nuclear sites dedicated to transcription, so-called transcrip-
tion factories. They are therefore predicted to be dependent on
transcription, an issue that was recently addressed in two indepen-
dent studies.
Both studies investigated the effect of blocking transcription
elongation by DRB (dichloro-beta-D-ribofuranosylbenzimidazole)
and the effect of total transcription inhibition either by α-amanitin
[59], which prevents the binding of PolII to DNA, or by heat-shock
treatment [60], which has less well-deﬁned effects. The contacts made
within the gene locus, between the gene promoter and the enhancer
elements, were analyzed by 3C in both studies. The effect of inhibition
of elongation was found to be very minimal, although one study
reported a small, but signiﬁcant drop in the interactions between the
β-globin promoter and a part of the LCR. Inhibition of total
transcription by α–amanitin did not affect the structure of the gene
locus either, despite a nearly complete depletion of PolII from the LCR
[59]. In contrast, heat-shock treatment resulted in a decrease in the
promoter-LCR interactions [60]. The maintenance of long-range
interactions between distant gene loci was also investigated. Neither
study found an effect of DRB treatment. The effect of heat-shock
treatment was measured by investigating two long-range interactions
between gene fragments, in a semi-quantitative 3C experimental set-
up. The two interactions were found to be lost after heat-shock
treatment. The effect of α–amanitin was investigated by 4C (see
below, Fig. 2), allowing an unbiased simultaneous analysis of many
interactions across the genome [59]. Contacts made by the β-globin
locus were found to be essentially the same before and after
transcription inhibition. The same was true for the inter- and
intrachromosomal interactions formed by a gene-rich housekeeping
gene locus. Many high-resolution cryo-FISH experiments conﬁrmed
these ﬁndings. Thus, where Mitchell and Fraser [60] concluded that
long-range interactions between gene loci depend on ongoing
transcription or transcription initiation, Palstra et al. [59] concluded
that a 4-h block of transcription was not sufﬁcient to disrupt gene
interactions and that PolII was not likely to be crucial for keeping
distant DNA loci together. The two studies did not exclude that an
initial act of transcription is required for the positioning of loci in the
nuclear space. Clearly, future research needs to clarify the exact role of
the transcription machinery in mediating gene contacts.
Inter-chromosomal interactions between inactive genes have also
been reported. These include the contacts made between the Ifng and
the TH2 locus in naive CD4+T-cells [61]. They are found to co-localize,
at least at one allele, in almost 40% of the cells, as measured by 2D
FISH. After differentiation to the TH1, or TH2 lineage, Ifng or the TH2
locus becomes activated, respectively. Co-localization decreases to 10–
13% at this stage of differentiation. The authors suggest that the loci
are kept in a ‘poised chromatin hub’ in naive CD4+T-cells. In the hub
the decision can be made which of the loci will be transcribed. The
mono-allelic expression of the genes in the TH2 locus, and the
observation that the co-localization is found mostly at one of the
alleles, is suggestive for an intricate regulatory mechanism.
Another recently published example of contacts made between
silent genes is the co-localization of GFAP and s100β [62]. Both genes
are silent in neural progenitor cells (NPCs) and become expressed
when the cells are differentiated into astrocytes. GFAP is expressed
mono-allelically. In 20% of NPCs, one GFAP allele co-localizes with an
allele of s100β. This co-localization decreases to less than 10% after
induction of differentiation. Therefore, like the Ifng TH2 interaction,
the loci investigated here could be within a “poised chromatin hub”.
Together, these recent FISH observations fuel a deterministic
model for nuclear organisation, as they predict that functionallyrelated genes present on the same or on different chromosomes need
to come together to coordinate each other's activity. Aword of caution
needs to be expressed though concerning the term ‘co-localization’,
since its meaning depends on the microscopy technique used and the
deﬁnition applied by the investigators. As outlined before [63], it has
entirely different meanings in different studies, which obviously has
an important impact on the interpretation of the results. We and
others have previously also argued that the linear distribution of
repetitive DNA sequences and of active and inactive DNA regions is
important for the folding and relative positioning of chromosomes,
implying that the nuclear position of a locus also depends on the
properties of neighbouring DNA. If true, it would argue more for a
stochastic concept of nuclear organisation in which functionally
relevant interactions between two selected loci present on different
chromosomes will be rare [63,64]. Below we will discuss a number of
recent studies that take into account the properties of neighbouring
DNA when interpreting the signiﬁcance of the nuclear position
adopted by a given gene.
5. Studying genes in the context of their subchromosomal
surrounding
Mash1 is one of the loci reported to change position in the nucleus
upon transcription activation [41]. It is a neural gene located relatively
isolated on the genome, with a liver speciﬁc gene Pah-1 as a close
neighbour. In ES cells the locus is present at the periphery of the
nucleus. After differentiation into the neural lineage, Mash1 becomes
expressed and located towards the nuclear interior. Pah-1 as a
consequence also moves interiorly, but does not become activated.
Other neural genes located in the periphery in ES cells do not relocate
after induction [41], showing that genes can be activated also when
present at the outer edge of the nucleus. A similar observation was
made in a study that followed the radial position of the β-globin locus
during erythroid differentiation [40]. This gene locus adopts a more
internal position when activated during erythropoiesis, but early
during the differentiation process active β-globin genes are also
observed at the periphery. The data show that the up-regulation of
some, but not all genes coincides with nuclear internalisation.
Repositioning may facilitate gene activation, but is not required nor
sufﬁcient. A similar conclusion can be drawn with respect to chromo-
some territories. It has been shown that the erythroid-speciﬁcα-globin
genes,which are surrounded in cis byhousekeeping genes, are inactive
in non-erythroid cells despite their position outside the CT. Vice versa,
the β-globin genes remain inside the CT also when highly transcribed
in erythroid cells [65]. Thus, genes do not need to move out of their
chromosome territories for expression, in agreement with the
observation that sites of active transcription are present throughout
the nuclear interior [66,67]. Looping away from the CT also does not
necessarily increase transcription rates. Lnp, a gene located near the
Hoxd cluster, was shown to be active and not change its expression
level upon looping away from its CT during ES cell differentiation [68].
The relevance of DNAmovement relative to the CTwas recently further
addressed in a study that involved the integration of the β-globin LCR,
without β-globin genes, into a gene-dense region of mouse chromo-
some 8 [69]. Integration was done in both orientations. In erythroid
cells taken from transgenic mice, the two oppositely oriented LCRs
each caused a repositioning of the locus that carried them away from
the CT. Many genes, as far as 150 kilobases away from the integration
site, showed higher transcription rates with both LCRs. A second
category of genes present in between the activated genes was found
that, similar to Lnp, did not increase their expression in response to
relocation by either of the two LCRs.While chromatin or gene-intrinsic
properties may preclude further activation of these genes, this was
clearly not the case for a third category of genes present near the
integrated LCRs. This category represented genes that increased their
transcriptional activity, but only in response to one orientation of the
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these genes showed that repositioning cannot be the driving force
behind their transcriptional upregulation [69]. Collectively, the data
show that the expression status of a genemay correlate with, but does
not depend on the position relative to the CT. The studies highlight the
importance to also consider surrounding sequences and genes when
interpreting the signiﬁcance of nuclear location.
6. High-throughput studies on nuclear architecture
FISH, no matter how revealing, has two major disadvantages: it is
biased towards the loci or nuclear structures that were selected for
analysis and it can only analyze a limited number of loci simulta-
neously. It is impossible to know whether observations made by FISH
uncover general concepts that also apply to the rest of the genome or
reﬂect a peculiarity of the gene locus investigated. It is also very
difﬁcult, if not impossible, to discover gene interaction networks
based on testing candidate loci by FISH. In order to understand the
general concepts behind nuclear architecture, high-throughput
approaches need to be applied that screen the entire genome in an
unbiased manner for interactions between genomic sites and with
nuclear substructures. In recent years, several of these approaches
have been developed.
DamID is a high-throughput strategy that, like ChIP-chip, uncovers
the genomic binding sites of selected proteins. It involves the
identiﬁcation of DNA sequences carrying the methylation mark that
is deposited by the bacterial methylase dam, which is expressed as a
fusion to the protein of interest. In a recent DamID experiment, the
interaction sites of an important structural component of the nuclear
lamina, Lamin B1, were investigated in human lung ﬁbroblasts [36].
This study provided important information about genome organisa-
tion inside the nucleus and the relationship between the nuclear
periphery and gene expression. Lamin B1 was shown to interact with
remarkably distinct domains in the human genome, with an average
size of 500 kb. The Lamin associated domains (LADs) are characterised
as being low in gene density and gene activity, although active genes
could be found in LADs and non-LADs also carried silent genes. The
proﬁles of gene density and activity show a steep transition at the LAD
borders, illustrating that LADs and non-LADs are functionally different
domains within the human genome. The transition area between
domains is on the non-LAD side often characterised by CTCF binding
sites, CpG islands and promoters facing away from the LAD. These
characteristic could all be involved in creating a boundary, preventing
spreading of heterochromatin. However, together these characteris-
tics cover only 30% of the transition sites, suggesting more factors are
to be discovered. It is important to mention that FISH experiments
showed that LADs could also be found internally in a proportion of
cells, illustrating that lamina association of inactive domains is
probabilistic [36]. Thus, the nuclear periphery is enriched for inactive
domains of the genome. Do these regions move there as a
consequence of their silenced state, or is transcription downregulated
when genes are positioned at the edge of the nucleus?
The impact of the nuclear lamina on gene expression was recently
further explored in three independent live cell imaging studies which
all used bacterial operator sequences to target a locus to the periphery
[51,52,70]. Two groups investigated the effect of repositioning on the
expression of a linked transgene. Kumaran et al.[51] reported that the
relocated transgene could be fully induced, with kinetics similar to
that observed at an internal position. Theymeasured expression levels
by targeting a ﬂuorescent label to MS2 repeats integrated in the
transgenic transcript. Reddy et al. [52] however reported down-
regulation of their transgene upon targeting to the periphery. The
third study by Finlan et al. [70] involved the targeting of two different
endogenous loci to the nuclear periphery, again via Lac operator
arrays. At both positions some, but not all genes surrounding the
targeted site were downregulated and the same was true for somegenes at a large distance in cis. Thus, one study found no effect on gene
activation [51] while two others observed gene silencing upon
targeting to the nuclear periphery [52,70]. One possible explanation
for these apparently contradicting results is that the ﬁrst study
measured transcription activation while the others investigated
maintenance of transcription; different activities may be required
for these different processes. In addition, the DamID results suggest
that the type of promoter, the position in the genome and possibly
other variables may also inﬂuence the outcome of these experiments.
Collectively, the studies show that transcription can occur at the
nuclear periphery. However, the outer shell of the nucleus tends to be
occupied by the more inactive regions of the genome. Genes can be
subject to silencing when targeted to the nuclear lamina, suggesting
that the periphery can play an active role in transcriptional repression.
In other words, the accumulation of inactive chromatin at the
periphery may not only be a consequence of their silenced state and
nuclear internalisation may indeed facilitate gene expression. Com-
ponents of the lamina have been shown to interact with HDAC3, a
deacetylating enzyme, which may be actively involved in gene
silencing at the periphery. In agreement, down-regulation was
accompanied by decreased histone acetylation at the genes [52,70].
The DamID study for the ﬁrst time mapped the genomic regions
that contact a certain subnuclear compartment. It would be interest-
ing to also investigate the co-localizationwith proteins found in other
nuclear structures, such as PML bodies, CBs and nuclear speckles. Such
studies may reveal the function of these bodies, which currently still is
rather enigmatic. They may also uncover concepts that shape the
genome inside the cell nucleus.
While DamID and ChIP-chip experiments provide genome-wide
binding proﬁles of proteins, several other high-throughput techniques
have recently been developed that aim to analyze DNA–DNA
interactions across the genome. All these techniques are based on
3C technology [71]. 4C technology (3C-on-chip or circular 3C) involves
screening the genome in an unbiased manner for regions that interact
with a locus of choice [30,72].
4C applied to the active β-globin locus identiﬁed interactions with
many gene clusters containing active genes and with some single
active gene loci. The erythroid-speciﬁc genes previously identiﬁed by
FISH were among the contacts found by 4C [57]. In the context of all
the interactions found, no bias was observed for the β-globin locus to
preferentially share nuclear sites with genes that are functionally
related. Thus, 4C puts individual interactions measured by FISH in the
context of the entire spectrum of DNA contacts. The co-localization of
the β-globin locus with active parts of the same chromosome was
speciﬁc for the active state of the locus in fetal liver cells. When 4Cwas
applied to the inactive β-globin locus in brain cells, contacts were
identiﬁed with completely different regions of mouse chromosome 7.
These regions did not carry genes or only contained inactive genes and
located more towards the centromere of mouse chromosome 7. An
active housekeeping gene, rad23a, located in a gene dense locus, co-
localized with many active, gene dense region elsewhere on the
chromosome and on other chromosomes. These interactions were
conserved between fetal liver and brain tissue, despite differences in
expression of some of the genes located within the gene dense areas.
The data demonstrated at the level of DNA contacts that active and
inactive chromatin separate in the nucleus. Since active and inactive
chromosomal segments each appear to have their own preferred
interaction partners, it was proposed that the nuclear environment of
a gene is not only determined by the gene itself but also by the
surrounding sequences [30]. In case of β-globin, the active state of the
∼200 kb locus is dominant over the ﬂanking silent chromatin. It would
be interesting to investigate the nuclear environment of a gene that
that is alternatively expressed between tissues and is located in a gene
dense, active area of the genome.
While the 4C study supports the idea that stochastic principles
underlie nuclear organisation [63], other studies using similar
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according to more deterministic rules: speciﬁc genes present on
different chromosomes would come together in the nucleus. Two
studies used the H19/Igf2 locus as their target to screen for DNA
interactions [72,73]. Surprisingly, they identiﬁed completely different
interactions. Ling et al. [73] applied a strategy referred to as the
associated chromosome trap (ACT) assay. They found three interacting
fragments and focused on a parent-of-origin speciﬁc interaction be-
tween the maternal allele of the H19/Igf2 locus and the paternal allele
of theWsb1/Nf1 locus. Zhao et al. [72] applied 4C technology, which in
their case stands for circular 3C, and sequenced 114 captured
fragments. They reported interactions with regions on all mouse
chromosomes and an overrepresentation of imprinted gene loci, sug-Fig. 3. Schematic representation of methods to study nuclear organisation. Differentmethods
nuclear protein (-structures). (A) 4C investigates the DNA interactions madewith a given gen
chip generate a genome-wide map of interactions with protein ‘X’. (B) FISH studies can dete
contacts made by a locus. Even if a protein binds to two DNA sites that contact each other, it d
and to the adult β-globin gene promoter which form a stable chromatin loop, but this loop
contacts should indeed be determined by genetic studies. Live cell imaging studies can givegesting that epigenetic mechanisms cause their clustering. The
number of sequences analyzed in both studies is limited and therefore
both data sets may not provide the entire picture of the long-range
interactions formed by the H19/Igf2 locus. This may explain why the
results of the two studies do not necessarily agree.
7. Future perspectives
The recently developed high-throughputmethods to study nuclear
architecture have provided exciting new insight into nuclear organi-
sation. Genome-wide mapping studies of protein–DNA interactions
have proven to be a valuable method to describe the genomic regions
that are frequently found near proteineous structures in the nucleus.provide different information on interactions between gene loci and between genes and
e locus ‘A’, resulting in a spectrum of interactions across chromosomes. DamID and ChIP-
rmine the frequencies of such interactions, and the relation between protein and DNA
oes not need to function in loop formation. For example, NF-E2 binds to the β-globin LCR
is maintained also in a NF-E2-null background [76]. The functional relevance of DNA
insight in the dynamics of the interactions.
2059M. Simonis, W. de Laat / Biochimica et Biophysica Acta 1783 (2008) 2052–2060Novel methods that identify all co-localizing sequences of a gene locus
put selected interactions measured in FISH studies into perspective.
Only an appreciation of the full spectrum of DNA interactions allows
deﬁning the concepts of genomic architecture (Fig. 3). Data obtained
with the current strategies do not necessarily always agree though. In
part this will be due to the fact that the technologies are new and need
to be further developed. It is important to recognize that all the
strategies based on 3C involve PCR to enrich for the interactions of
interest and that PCR can introduce a bias in the assay. Results
therefore always need to be veriﬁed by FISH, preferably 3D or cryo-
FISH. FISH also allows studying DNA interactions in single cells and
determining the percentage of alleles that interact at a given time.
Several reports based on 3C-variants show spectacular, highly
speciﬁc inter-chromosomal interactions between selected gene loci.
These data support a deterministic form of nuclear organisation,
where gene loci are guided to speciﬁc partners located on unrelated
chromosomes. Conclusive evidence that such interactions are func-
tionally important needs to come from genetic studies showing that
the deletion of genomic parts on the one chromosome affect the
expression of genes on the other chromosomes. In this respect it is
worth to refer to the studies by Fuss et al. [74] who showed that the
deletion of an enhancer previously claimed to activate olfactory
receptor genes throughout the genome [75] only affected the
expression of genes nearby on the chromosome. Based on our 4C
data, we have argued that the genome is shaped according to self-
organising principles. In this stochastic concept, speciﬁc gene loci will
have a very difﬁcult time ﬁnding each other, as their nuclear position
depends not only on the gene itself but also on the properties of
neighbouring sequences and, by extrapolation, of the entire chromo-
some. Clearly, we are only at the beginning of an era dedicated to the
uncovering of DNA topology inside the living cell nucleus. Future will
tell which principles shape the nucleus and how the conformation of
chromatin inﬂuences a process like gene expression.
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